THE object of the present paper and others to follow is to present the evidence for the pyruvate oxidase theory of the action of vitamin B1. In brain tissue treated with lactate, we now believe that oxidation mainly follows the expected sequence vit. B1
and that the action of the vitamin is exerted at stage B.1 In so exerting an effect, which can be observed noticeably only in the avitaminous brain (or kidney),2 this vitamin is either acting as a coenzyme to pyruvate oxidase, or constitutes the prosthetic group of the enzyme itself. At present evidence does not decide between these possibilities, though favouring the latter. At first, in this laboratory, we favoured the lactate oxidase theory of the action of vitamin B1 [Kinnersley & Peters, 1930] , based upon the large accumulations of lactic acid, which are a feature of vitamin B1 deficiency. Later this view was discarded; especially we may mention that Meiklejohn [1933] did not find an increased disappearance of lactic acid associated with increased oxygen uptake in presence of the vitamin. There came subsequently the discovery [Peters & Sinclair, 1933] of a substance giving the colour reaction of pyruvic acid as an abnormal product in avitaminous brain respiring in lactate, the subsequent study and identification of this [Peters & Thompson, 1934] , and finally the finding of abnormal amounts of pyruvic acid in avitaminous blood [Thompson & Johnson, 1935; Johnson, 1936] . From the time of this work, there has always been a tempting body of evidence in favour of the importance of pyruvate (as an intermediate) in brain respiration systems, and of the close correlation if not identification of vitamin B1 with the pyruvate oxidation system. The evidence of abnormal amounts of pyruvate in blood was important as it indicated that the phenomenon shown in vitro by teased brain also took place in vivo, a complete answer to any criticism of the value of such in vitro work. In spite of these indications, there seemed to be certain facts which could not be reconciled with the direct pyruvic oxidase view; this led us to hesitate in its adoption. As the majority of these have now been removed, there remain no outstanding objections to the pyruvic oxidase theory. We can now consider some of the objections in detail; the attempt to answer them has brought to light a few new facts about brain enzyme systems.
1 This scheme was presented by the author [1936] , and with McGowan [1936] .
The relation of lactate and pyruvate. It is natural of course to believe that respiration in brain tissue follows the sequence (1). If this is so, and if the vitamin acts at stage B, then we should expect (a) the accumulation of pyruvate from lactate in absence of vitamin B1 as is now known to occur; (b) less 02 uptake with pyruvate than lactate in the avitaminous brain, and the reverse with normal brain, because in the latter we might expect that conversion of lactate into pyruvate was not sufficiently rapid to saturate the pyruvate oxidase with pyruvic acid; (c) a more pronounced catatorulin effect (vitamin B1 extra 02 uptake) with the pyruvate than with lactate. In early work upon this point, Meiklejohn et al. [1932] found that (b) occurred, but that (c) did not apply; there were cases in which brain tissue apparently reacted with vitamin B1 in presence of lactate and not of pyruvate. This seemed to be irreconcilable with scheme (1). Let us first consider work upon (c).
Vitamin B1 effect and pyruvate. In the last two years a very large number of catatorulin and other tests have been done with pyruvate. These are summarized separately. In over 50 consecutive experiments, there has been no case in which large vitamin effects have not been shown with this substrate. On the other hand, I have occasionally noticed failures with lactate. This is consistent with scheme (1), and not with the early pyruvate work, and suggests that the early failures were due to some special feature of the experiments. In a footnote, Peters & Thompson [1934] considered that the action of pyruvate at pH 7-3 must be linked with that of pyrophosphate (as was lactate at pH [Peters & Sinclair, 1933] ). This was because it seemed to be a possible difference between the earlier and later experiments. I have now submitted this point to direct tests, using even the more alkaline pH 7-7 in order to emphasize any differences, and can obtain no support for this opinion. In the experiments of Table I , at pH 7*3, Exp. 965 (one of two similar ones with normal brain) is confirmatory of previous work by Meiklejohn et al. [1932] who worked without pyrophosphate. There is a larger uptake for normal brain with pyruvate than with lactate in complete agreement with postulate (b). The significant vitamin effect in pyruvate, Exp. 965, is unusual, but it is interesting that it happens to occur with pyruvate; the slight inhibition with vitamin and lactate observed in 1935 has often been noticed in the normal brain and is not yet explained. At this pH of the avitaminous brain the lower 02 uptake with pyruvate than with lactate is reproducible (Exp. 967). Even with pyruvate plus vitamin there is a higher total oxygen uptake than with the lactate, contrary to the normal. Nevertheless, the other feature of the earlier experiments is not reproduced: there is a marked catatorulin effect with pyruvate, even larger than that with lactate. At pH 7-7 (Table I (b)) the relations with lactate and pyruvate in the five experiments quoted are substantially the same. There is always a catatorulin effect with pyruvate.
There is if anything a greater restoration with pyruvate than with the lactate.
The relations to pyrophosphate at this pH are perplexing. There is no evidence from Exps. 959 and 956 that it is necessary for respiration with pyruvate. It is in fact inhibitory in these experiments both to lactate and to pyruvate. The inhibition to pyruvate persists right through the period of respiration though with diminishing intensity. That for lactate is over (ad in the case of the pH 6-6 respiration) (see below) after about 1I hours.
For the moment it is not possible to explain all these points, but it is clear that they do not support the explanation of the older experiments of Meiklejohn et al., who reported occasional failure to obtain the vitamin effect with pyruvate. How are the results of the previous work to be explained? There is no difference in the time of year at which the experiments were carried out. The older work was done with brain minced upon a warm plate at room temperature, which might have been rather low upon occasion. I have therefore repeated four such experiments, and quote two, Table II to remove the catatorulin effect with pyruvate.1 This leaves us with only one possibility, the pyruvate itself. As was stated at the time, the pyruvic acid was highly purified by distillation and though not crystallized was considered to be pure enough for the purpose. But we did not realize then the profound change which can be made in pyruvic acid by neutralizing direct with N alkali before previous dilution with water. Peters & Thompson [1934] found that upon occasion a large change in bisulphite-binding power might rapidly occur. In the early experiments, in order to save volume, 80-100 mg. of purified pyruvic acid were weighed out into a tube and the alkali added direct. This seems to be dangerous, though the conditions under which the change occurs have not been worked out. In the experiment in Table II (b) the vitamin effect is reduced with pyruvic acid neutralized before dilution. With smaller amounts of pyruvate the reduction in pyruvate itself might be quite sufficient to account for the results. The early experiments lasted only for 1 hour: if continued they might even then have shown an effect. I think that they can be safely set aside as due to unrecognized experimental error. The present pyruvate gives only slight inhibition at 0*067 M (Table II (a)) .
If the view is correct that the vitamin action is upon the pyruvate only, it should be possible to find that, in the early stages of an experiment, there is a larger catatorulin effect with pyruvate than with lactate. At a later stage, when sufficient pyruvate is present, formed from lactate, there should be no difference. A decisive experiment of this kind has proved difficult to make; it will clearly be much governed by details such as the rate of diffusion of either the pyruvate or lactate to the active centres concerned. By keeping for some time at the low temperature diffusion effects will be minimized, but there will be a possibility of sufficient action of the lactate oxidase even in the initial 12 min. required for equilibrium at 380. Some trials of this point proved rather inconclusive, though there was a balance in favour of slightly increased catatorulin effect in the first half-hour only with pyruvate.
The evidence of the delayed 8ubstrate experzment. As the result of delayed substrate experiments (Quastel and Wheatley technique), Peters et al. [1935] [1933] had shown that at pH 6-6 (instead of the normal pH 7.3) there was no catatorulin effect with lactate in absence of pyrophosphate, whereas with pyruvate an effect was found. They had however been unable to demonstrate formation of pyruvic acid by colour reaction; this had been another point irreconcilable at the time with the pyruvic oxidase theory. In the more recent and similar Exp. 861, Table III Table V have been selected from a large number of attempts to decide these points, and I regard them as significant. In general I have reached the conclusion that the delayed substrate experiment is so much affected by problems of diffusion that it is not a valuable technique. It will be clear that the demonstration of these discontinuities between the lactate and pyruvate systems requires rather fine adjustment. The pyruvate oxidase is very unstable in absence of either pyruvate or vitamin at 380, hence the decisive point in the experiment may often be missed. The peculiar details of the survival respiration in these mixed enzyme systems indicate again that the most important component is pyruvate. In absence of either lactate plus pyrophosphate or of pyruvate itself, the pyruvate oxidase system appears unstable; rapidly disappearing at 38°.
Further it is clear that some component of the lactate oxidase system is also unstable at this pH; this might be the coenzyme in view of recent work by Green & Brosteaux [1936] Peters & Thompson [1934] could find no consistency in the ratio PEtra ogenppetaakeg either at pH 7-3 or 6-6. Further, the vitamin effect was larger with lactate than with pyruvate; this is not immediately to be reconciled with the action of vitamin B1 only on the pyruvate either preformed or arising from lactate. (b) Peters et al. [1935] found that fluoride inhibited the appearance of pyruvate in presence of lactate, as well as inhibiting the 02 uptake with pyruvate; but fluoride has not been supposed to stop the action of lactate oxidase. (c) The failure to increase pyruvate at acid pH values with pyrophosphate.
It is believed that these difficulties can be met in future work, and that the bulk of the evidence is now sufficient to advance the pyruvate oxidase theory of vitamin B1 action. In subsequent papers, we intend to deal with the question whether the effect is direct or indirect; our present view is that it is direct and that there is no evidence that it is concerned with anaerobic change in our experiments. Rydin [1935] it will remembered could obtain no evidence at all for the view that vitamin B1 catalysed any anaerobic reaction with methylene blue.
Another interpretation is now given to the experiments of Quastel & Wheatley [1932] , with the autoxidized brain tissue; it must be true as they thought that they were studying the oxidation of pyruvate (or lactate), but the Biochem. 1936 xxx 143 2215 R A. PETERS extent of this oxidation does not depend only upon the actual oxidation level before adding the substrate; it is also a function of the inherent stability of factors in the tissue as influenced by the preliminary period; the effect of traces of substrate in this period cannot be neglected.
In case there may still be those who are uncomfortable about the applicability of these results upon teased brain to those obtained with organized slices of tissue, we may stress the similar behaviour of pyruvate in vivo and in vitro, the fact that we can show up calcium effects in the teased tissue, and more important still that the phenomena as regards pyruvate can be demonstrated perfectly well with slices of tissue. There is really no ground at all for thinking that the particular reaction of pyruvate involving the vitamin which has been here studied does not take place in vivo or in the more highly organized tissue, or that the results are not applicable. This does not mean that in the more organized tissue slice some of the products of oxidation may not be brought into contact with other enzyme systems, and so modified. It is likely that the results are general for brain, as O'Brien and Peters showed formation and disappearance of pyruvate from lactate in rat's brain; and very recently Sherman & Elvejhem [1936] report a study upon chicken's brain which confirms in detail the work of the author and Thompson [1934] .
In connexion with work upon the relation of the action of vitamin B1 and its chemical structure, it is noteworthy that the action of the vitamin can be exerted at an acid reaction as well as at a pH at which there will be a profound alteration of the ionization of the quaternary grouping. Hence a direct relation to the action of this grouping is not indicated, though it is hard to believe that the two are not related. Possibly the ionization at the surface of the enzyme is changed as compared with that in solution; the author has shown elsewhere [1931] that this is so for an amine group at an interface; the apparent dissociation constant was found to be altered by 3 pH units for palmitic amide at the interface benzene-buffer solution. If this applies to the quaternary group of the vitamin the region of dissociation would be shifted to the acid side, i.e. in the right direction.
Summary of effects with pyrophosphate.
The following facts must be covered by an explanation of the action of pyrophosphate.
At acid pH values. Lactate respiration is initially reduced and later stabilized.
Vitamin effects improved. No evidence that pyruvate formation is increased. Pyruvate respiration unaffected. It interacts with lactate.
At pH 7-3. Lactate respiration initially reduced, and later improved. Vitamin effect improved later. Pyruvate partly inhibited. Disappearance of oc-glycerophosphate improved [Johnson, 1936] .
At pH 7.7. Lactate respiration inhibited up to 1l5 hours: pyruvate respiration inhibited.
Though the oxidation of lactate via pyruvate is almost a postulated textbook step, it is important to have this clearer proof that it is an important channel of oxidation for lactate in brain. This work does not decide whether it is the only method of oxidation; a problem which awaits quantitative investigation. Peters et al. [1935] found that from the 2nd to the 3rd hour with avitaminous tissue in lactate solution (pH 7.3), poisoned with iodoacetate, 0O924 mg. pyruvate was formed and some 400,1l. 02/g. taken up. The conversion of lactate into pyruvate would need about 115z.; the residual respiration for such a period is usually about 250-300,u1 . Hence, the extra 02 uptake is of the right order for 2216
